Streptococcus pneumoniae ( pneumococcus) is a major human pathogen causing pneumonia, sepsis and bacterial meningitis. Using a clinical phenotype based approach with bacterial whole-genome sequencing we identified pneumococcal arginine biosynthesis genes to be associated with outcome in patients with pneumococcal meningitis. Pneumococci harboring these genes show increased growth in human blood and cerebrospinal fluid (CSF). Mouse models of meningitis and pneumonia showed that pneumococcal strains without arginine biosynthesis genes were attenuated in growth or cleared, from lung, blood and CSF. Thus, S. pneumoniae arginine synthesis genes promote growth and virulence in invasive pneumococcal disease.
Streptococcus pneumoniae can cause a range of invasive infections, such as pneumonia and meningitis, with devastating consequences worldwide [1] [2] [3] . Pneumococcal meningitis continues to exact a heavy toll despite the implementation of childhood vaccination programs [4, 5] . The fatality rate in patients with pneumococcal meningitis is substantial, at 30%, and long-term sequelae, including hearing loss, focal neurological deficit, and cognitive impairment, develop in about half of survivors [3, 6] .
Invasive disease caused by S. pneumoniae is seen at the beginning and end of life or in patients with underlying conditions [1, 4] . Several studies of extreme phenotypes have identified genetic defects in the complement system and intracellular signaling proteins to be associated with increased susceptibility [7] . A common variant in complement component 5 has been associated with unfavorable outcome in pneumococcal meningitis [8] . Bacterial genetic factors may also determine susceptibility and disease severity. Few studies have investigated the role of bacterial factors in invasive pneumococcal disease, including meningitis. Pneumococcal capsular polysaccharides have been associated with disease severity and are used for phenotypical characterization [9] . The pneumococcal capsular phenotype has been linked to genotype but the mechanisms of virulence have not been elucidated [10] . S. pneumoniae contains an inducible system for the uptake of DNA from the environment that readily allows for horizontal gene transfer [11] . The pneumococcal pan-genome has been estimated at 5000 genes, but less than 50% of these genes are shared by all pneumococcal strains (forming the pneumococcal core genome) [12] .
Using a clinical phenotype based approach with bacterial whole-genome sequencing we identified pneumococcal arginine biosynthesis genes to be associated with outcome in patients with pneumococcal meningitis. We found that pneumococci harboring these genes show increased growth in human blood and cerebrospinal fluid. Mouse models of meningitis and pneumonia showed that pneumococcal strains without arginine biosynthesis genes were attenuated in growth and/or cleared from lung, blood and cerebrospinal fluid.
METHODS

Clinical Cohort
The Dutch Meningitis Cohort Studies from 1998-2002 and 2006-2009 are prospective nationwide cohort studies of adults with community-acquired bacterial meningitis in the Netherlands [3, 8] . Patients older than 16 years with positive cerebrospinal fluid (CSF) cultures were included after identification by the Netherlands Reference Laboratory for Bacterial Meningitis (NRLBM). The NRLBM receives isolates from CSF of 90% of all patients with bacterial meningitis in the Netherlands [3] . Written informed consent was obtained from all patients or their legally authorized representatives. Details on the data collection of the cohorts were presented elsewhere [3, 8] . The studies were approved by the Medical Ethics Committee, Academic Medical Center (AMC).
Bacterial Isolates
Upon receipt by the NRLBM, isolates were serotyped and stored at −80°C. Patients' isolates had less than 5 passages before storage. Pneumococci were recultured on Trypticase Soya agar (TSA) (Difco Laboratories, Inc., Detroit, MI), with 5% defibrinated sheep blood.
Whole Genome Sequencing and Annotation
Bacterial genome Roche/454 shotgun sequencing was performed according to the manufacturer's instructions. The mean genomic coverage was 25-fold (range 14-63; Table 1 ). Based on de novo assemblies, a median of 88 contigs was produced. Sequence reads were sorted by sample and assembled using the Roche GS De Novo Assembler (Newbler) v 2.3 and the Roche GS Reference Mapper v 2.0.0.12. In the de novo assemblies, we allowed 0 and 2 errors in the MID extraction settings. Each of the 20 genomes was also assembled in a reference mapping assembly using 11 publically available pneumococcal reference genomes (Supplementary Table 1 ). In the Reference Mapper assemblies, 0 errors were allowed in the MID calling parameters. Alignments of the contigs were created with Codoncode Aligner software (version 3.5.1, CodonCode Corporation, Dedham, MA). All contigs were put in a more correct order by rearranging them with the 'move contigs' option in Mauve software using S. pneumoniae TIGR4 strain as a reference [13] . In an exploratory analysis of 30 contig boundary regions in 8 pneumococcal genomes, 21 (70%) encoded genes that occurred multiple times in the pneumococcal genome. The median contig-number produced by genome assembly was 27 (range, . The GC content of sequenced genomes was highly similar, ranging from 39.5% to 39.8%, and genome sizes ranged from 1.98-2.15Mb.
The genomes were annotated using Annotation Engine at the Institute for Genome Sciences of the University of Maryland School of Medicine (http://ae.igs.umaryland.edu/cgi). To compare gene content of bacterial isolates from patients with favorable outcome vs isolates from patients who died, we first build an extended genome that represents a non-redundant collection of all genes occurring at least once in our 20 genomes. We started collection with genes of genome AMCSP01 and aligned all genes of all genomes (one by one) to this collection using Blast Like Alignment Tool (BLAT) [14] . Genes were added to the extended genome when they did not match to the extended genome that was build so far. The matching criteria were set to 90% identity and 90% query coverage.
Genome Comparison and Validation
Genes of the extended genome were aligned to genomes of all bacteria. We scored per bacteria which genes were present with similar BLAT matching criteria. As positive control, we used an artificial gene that was correctly identified in all genomes (row 2 Supplementary Table 2 ). Candidate gene clusters were evaluated in duplicate by PCR with primers specific for one gene in the cluster (Supplementary Table 3 ). The argGH locus was determined by PCR using 2 primer sets specific for either the argG or argH gene (Supplementary Table 3 ).
Pneumococcal Knock-out Strain
The D39 argGH knock out mutant was constructed as described by Trzciński [15] . A Janus-type cassette with kanamycin resistance and streptomycin sensitivity alleles with flanking DNA sequences corresponding to sequences that flank the argGH locus, was constructed using a 1368-bp fragment containing aphIII-rpsL amplified from chromosomal DNA of TIGR4Δp-spA (Supplementary Table 3 ) [16, 17] . Flanking sequences, one with a BamHI 3′ terminus and one with an ApaI 5′ terminus, were amplified using chromosomal DNA of D39 as template and primer pairs KSPNArg2061617F8/ KSPNArg2061617R6 and KSPNArg2061617F7/KSPNArg2061617R9_1. The aphIII-rpsL and flanking sequence PCR products were digested with BamHI and ApaI, and purified with a GeneJET Gel Extraction Kit (Fermentas). The digested PCR products were ligated using T4 DNA ligase (Roche) and the ligation mixture was used as template in a PCR with primers KSPNArg2061617F1 and KSPN2061617ArgR9_1. The 2525 bp PCR product was used to transform D39 with selection for resistance to kanamycin (Km R ) to create D39 ΔargGH. The structure of the insertion was confirmed by PCR and sequencing.
Bacterial Growth in Blood
Five pneumococcal colonies from an overnight culture on TSA were collected and resuspended in 5 mL Todd-Hewitt broth supplemented with 0.5% yeast extract (THY) and grown to optical density at 450 nm (OD 450 ) between 0.25 and 0.35. Bacteria were washed with nutrient mixture F-10 Ham (SigmaAldrich) and resuspended in 5 mL F-10 Ham supplemented with citrulline or arginine where appropriate to OD at 620 nm of 0.01. Hundred µL bacterial suspension was mixed with 100 µL citrate blood or 100 µL CSF and incubated for 6 hours at 37°C in a humidified atmosphere of 5% CO 2 in air.
Exposure to Oxidative Stress
Bacteria were grown to an OD 450 of 0.15 in THY. Cultures were washed with THY and 100-fold diluted in THY or in THY with 0.04% H 2 O 2 . Cultures were incubated without agitation at 37°C in a humidified atmosphere of 5% CO 2 in air. At t = 0, 30, 60, 90 and 120 minutes, samples were taken and serially diluted for CFU count.
RT PCR
Bacteria were grown to an OD 450 of 0.2 in THY. Bacteria were collected by centrifugation and resuspended in PBS and thereafter an enzyme cocktail of Achromopeptidase (1000 U/mL), Mutanolysine (100 U/mL) and Lysozym (10 mg/mL) was added and incubated for 30 minutes at 37°C. Bacteria were collected by centrifugation and the pellet was resuspended in Tris-EDTA buffer with 1 mg/mL lysozyme and RNA was isolated using the Rneasy midikit (QIAgen), according to the manufacturer's protocol. RNA was treated with the Turbo DNAse (AMBION) according to the manufacturer's protocol and cDNA was made with the ThermoScript ™ RT-PCR System for First-Strand cDNA Synthesis kit (Life technologies). Primers are shown in Supplementary Table 3 .
Mouse Models of Meningitis and Pneumonia
Mouse experiments were conducted with specific pathogenfree male C57BL/6 mice (Charles River, Wilmington, MN, USA) aged 8-12 weeks. Experiments were approved by the Institutional Animal Care and Use Committee, AMC. CSF WBC denotes cerebrospinal fluid white blood cells, GCS Glasgow Coma Scale, GOS Glasgow Outcome Scale. Sequence Type was based on Multi Locus Sequence Typing (MLST) [10] .
For the induction of meningitis, D39 and D39 ΔargGH were grown to mid log phase at 37°C in Todd-Hewitt broth supplemented with yeast (THY, Difco, Detroit, MI) and harvested by centrifugation. Pneumococci were diluted with sterile saline to an OD620 of 0.3 corresponding to 1 × 10 8 CFU mL
. Inoculum dose was based on a previous study [18] . Twelve mice per group were inoculated into the cisterna magna under isoflurane anesthesia, with 1 µL bacterial suspension containing D39 or D39ΔargGH, as described earlier [19] .
For the induction of pneumonia D39 and D39 ΔargGH were grown to mid log phase at 37°C in Todd-Hewitt broth supplemented with yeast (Difco, Detroit, MI) and harvested by centrifugation. Eight mice per group were intranasally inoculated with D39 or D39 ΔargGH by putting a 50 μL of 5 × 10 8 CFU per mL droplet of bacterial suspension on the nose under isoflurane anesthesia, as described previously [20] .
Statistics
For analysis of survival data the Log-rank test was used. The Mann-Whitney U test was used to identify differences between patient and animal groups with respect to continuous variables, and dichotomous variables were compared with use of the χ2 test. We used logistic regression analysis to calculate odds ratios (OR) and 95% confidence intervals (CI). All statistical tests were two-tailed; P < .05 was regarded significant.
RESULTS
Pneumococcal Gene Cluster Associated With Outcome in Patients With Meningitis
From 2006 through 2009, we included 642 episodes of community-acquired bacterial meningitis in a prospective nationwide cohort [8] . Overall, case fatality rate was 19% and 39% patients had an unfavorable outcome, defined as a score of 1-4 on the Glasgow outcome scale. 427 of these patients had pneumococcal meningitis. In an extreme phenotype approach, we sequenced genomes of 10 randomly selected pneumococcal isolates from immunocompetent patients who died and 10 isolates from matched patients with favorable outcome ( patients were matched for serotype, age, absence of predisposing factors; Table 2 Table 2) , is consistent with previous work [13] . Genes (n = 2652) that were equally represented in both groups, and genes found only once per group were not further analyzed ( Figure 1A ; 642 genes were included; 273 pneumococcal genes associated with death, and 369 associated with favorable outcome). Next, four genes were excluded from the analysis since only a partial sequence was available. Finally, 86 of 155 (55%) genes with a group frequency difference ≥2 were located in 14 gene clusters: 5 clusters including 28 genes were associated with favorable outcome, and 9 clusters including 58 genes were associated with unfavorable outcome ( Figure 1B ). Subsequently, we evaluated associations between 14 gene clusters and clinical outcome in 748 other new pneumococcal meningitis patients included in two prospective nationwide cohort studies [3, 8] . In the first cohort (321 pneumococcal strains, Table 3 ) three gene clusters were significantly associated with favorable outcome. In the second cohort (427 pneumococcal strains), used as a subsequent validation cohort, Cluster L remained significantly associated with favorable outcome (P = .027).
Genomic Locus is Variable Region for Genes Encoding Pneumococcal Arginine Synthesis
Cluster L (4.4 kb) includes 6 genes that all encode membrane proteins [21] . BLASTX analysis of these genes showed similarities to pneumococcal proteins. The GC content of cluster L was lower than the average of the whole genome (30% vs 40%) and the dinucleotide composition (δ*, genome signature) was highly dissimilar as compared to similar sized fragments of the whole genome (98% of the genome fragments yielded a lower δ* than cluster L) [22] , suggesting acquisition by horizontal gene transfer [23] . Cluster L replaced or truncated an arg locus comprising genes encoding argininosuccinate synthase (ArgG) and argininosuccinate lyase (ArgH). ArgG converts citrulline Figure 1 . A, Genomic comparison in a clinical-based approach with whole bacterial genome sequencing of 20 S. pneumoniae clinical isolates: differences in gene content between extreme phenotype groups. 328 genes were relatively more present in strains from patients who died (striped) and 473 genes were more present in strains from survivors with favorable outcome (white); 2652 genes were equally represented in both groups. B, Genome comparisons of gene cluster frequency among 20 pneumococcal strains. Gray boxes indicate presence of all genes in the gene cluster to be present in that genome. Per outcome group, the frequency of each gene cluster is shown, as are the group-differences. a These genes were present twice in the genome and count as 1 in for the group total.
together with aspartate to argininosuccinate that is converted to arginine and fumarate by ArgH [24] .
Genes Involved in Conversion of Citrulline to Arginine Contribute to Pneumococcal Growth
Arginine biosynthesis is linked to the biosynthesis of polyamines (Figure 2A ), which are implicated to play a role in the resistance to oxidative stress [25] . To gain further insight in the role of the argGH locus we used S. pneumoniae D39 that contains the argGH locus (Genbank accession number NC_008533.1) and constructed an argGH knock out [26] . In standard rich laboratory medium THY D39 and D39ΔargGH showed equal growth rates ( Figure 2B ). However, D39 wt was more resistant to 0.04% H 2 O 2 compared to D39ΔargGH ( Figure 2C) . In blood CFUs of D39 increased 300-fold after 6 hours incubation, but CFUs of D39ΔargGH remained at the level of growth in non-supplemented blood ( Figure 2D) . In blood CFUs of D39 increased 300-fold after 6 hours incubation, but CFUs of D39ΔargGH remained at the level of the start inocculum in nonsupplemented blood ( Figure 2D ). Relative bacterial outgrowth was similar in CSF when compared to blood, although bacterial growth of D39 and D39ΔargGH did not increase in CSF when 0.25% citrulline was added ( Figure 2E ). To investigate the role of NO we repeated growth experiments with NO synthetase blockers, but this did not influence growth. argGH knock outs obtained in two independent transformation had the same phenotype. We did not succeed to complement D39ΔargGH. In this strain, we assessed transcription of the genes upstream and downstream of the argGH locus by RT-PCR, to exclude potential polar effect of its replacement by the Janus cassette. In both D39 wt and D39ΔargGH, transcription from gene SP_0112 (encoding a hypothetical protein) downstream of argGH was high and comparable to that of gki (encoding the housekeeping protein glucose kinase). Transcription from the gene upstream of argGH (SPD_109 encoding a amino acid ABC transporter periplasmic amino acid-binding protein) was detectable in both D39 wt and D39ΔargGH, albeit lower in the argGH knockout strain (results not shown).
Pneumococcal Arginine Synthesis Contribute to Bacterial Growth and Virulence in Mouse Models of Meningitis and Pneumonia
To gain further insight into the role that genes involved in conversion of citrulline to arginine plays in the infectivity and virulence of S. pneumoniae, C57BL/6 mice were injected intracisternally with 1 × 10 5 CFU D39 or D39ΔargGH. Mice with pneumococcal meningitis caused by D39 died within 4 days, whereas all mice infected with D39ΔargGH survived (log-rank test, P < .001; Figure 3A ). Subsequently, groups of mice were infected and sacrificed at 6 hours and 40 hours after infection.
Organs from both groups of mice were surveyed for viable S. pneumoniae CFUs. At 6 hours, CFUs in CSF, blood, and lung were higher in the group infected with D39 compared to the group infected with D39ΔargGH (P < .01; Figure 3B ). At 40 hours post-infection, CFUs were higher CSF, brain, blood, and lung in the group infected with wild-type bacteria (P < .001; Figure 3B ). To investigate the role of arginine synthesis in pneumococcal pneumonia, we inoculated mice intranasally with 2.5 × 10 7 CFU D39 or D39ΔargGH. At 6 hours post-infection, CFUs were higher in the lung in the group infected with wildtype bacteria (P < .001; Figure 3C ). At later time points (24 and 48 hours) both D39 and D39ΔargGH bacteria were cleared from all organs in all infected mice.
Pneumococcal Arginine Synthesis Genes are Associated With Disease Outcome and Infection With Pneumococcal Serotype 7F in Meningitis Patients
In an explorative analysis we evaluated the association between the argGH locus and clinical findings in 748 patients with pneumococcal meningitis (Table 4) . On admission, patients infected with argGH positive pneumococci more often had pneumonia (P = .037), and presented with more severe disease, as reflected by a higher proportion of patients in coma (P = .002) and focal neurologic deficits (P = .042), which resulted in a higher mortality rate (P = .003; Figure 3D ). In a multivariate regression analysis including pneumonia on admission, admission score on the Glasgow coma scale, and focal neurological deficits, the association of the argGH locus with unfavorable outcome was preserved (odds ratio [OR] = 1.62; 95% CI, 1.08-2.42; P = .019). Presence of argGH was associated with serotype 7F (60 of 71 [85%] serotype 7F strains were argGH positive vs 72 of 677 [11%] non-serotype 7F strains; P < .0001; Figure 3E ). In a multivariate regression analysis including age, admission score on the Glasgow coma scale, and infection by pneumococcal serotype 7F, the predictive effect of argGH on outcome was preserved (OR 1.65; 95% CI, 1.02-2.67; P = .040). Figure 2 . A, Spermidine biosynthesis pathway in S. pneumoniae D39. B-E, Bacterial growth of S. pneumoniae D39 wild type or arginine biosynthesis genes knock-out strains. S. pneumoniae D39 (striped) or D39ΔargGH (black) were grown in standard rich laboratory medium THY (B and C), or in blood for 6 hours (D) or in CSF (E). Growth is expressed as the ratio of the number of CFUs of the start inoculum and that after 6 hours growth (CFU fold difference).
DISCUSSION
We identified pneumococcal arginine biosynthesis genes associated with outcome in patients with pneumococcal meningitis. Clustered genes were always present on similar genomic loci, implicating regions of plasticity acquired by horizontal gene transfer [27] . Such plasticity regions have been associated with pneumococcal virulence [21] . The region we identified to be associated with disease outcome in our clinical cohort has been identified previously as a plasticity region with a complex history of transposition and integration events [24] . In this region, genes encoding argininosuccinate synthase (argG) and argininosuccinate lyase (argH) were replaced or truncated by a cluster of genes acquired by horizontal gene transfer. Subsequently, we showed that pneumococci harboring these arginine biosynthesis genes show increased resistance to oxidative stress and increased growth in human blood and cerebrospinal fluid. Mouse models of meningitis and pneumonia showed that pneumococcal strains without arginine biosynthesis genes were attenuated in growth and/or cleared from lung, blood and cerebrospinal fluid. The results of our pneumonia model imply that our findings are not limited to pneumococcal meningitis and may well apply to other invasive pneumococcal infections, such as sepsis and pneumonia.
Pneumococci lack a complete arginine biosynthesis pathway. argGH positive pneumococci convert host's citrulline to arginine, which promotes bacterial growth and contributes to virulence. Arginine biosynthesis genes have been associated with bacterial growth and virulence in other pathogens [24, 28] . An auxotrophic mutant of Mycobacterium tuberculosis defective in Figure 3 . A, Effect of infection with D39 or D39ΔargGH on survival in mice with pneumococcal meningitis. B, CFUs at 6 and 40 hours in CSF, brain, blood, and lung in mice with pneumococcal meningitis caused by D39 or D39ΔargGH. C, CFUs at 6 and 24 hours in lung and blood in mice with pneumococcal pneumonia caused by D39 or D39ΔargGH. D, Kaplan-Meier survival curve of patients with community-acquired meningitis infected with arg positive (black) and arg negative (striped) S. pneumoniae. E, Pneumococcal serotype distribution of arg positive (black) and arg negative (gray) pneumococci.
L-arginine biosynthesis displayed reduced virulence suggesting that L-arginine availability was restricted in vivo [24] . An Actinobacillus pleuropneumoniae transposon mutant of argG was attenuated in growth in an experimental pig infection model [28] . Previous in vitro data suggested that arginine uptake is essential for growth of S. pneumonia [29] . In humans, arginine is a substrate of nitric oxide (NO) synthase resulting in the production of citrulline and NO. Citrulline, through the reactions catalyzed by argininosuccinate synthetase and argininosuccinate lyase may cycle back to arginine, constituting an argininecitrulline cycle [30] . The synthetase ArgG is considered to catalyze the rate-limiting step in NO production and withdrawal of citrulline by pneumococci may reduce NO production, which could be advantageous for bacteria. However, repeated growth experiments with NO synthetase blockers did not influence growth, implying that pneumococcal arginine biosynthesis genes contribute to virulence by influencing bacterial growth only. Arginine is a precursor in the biosynthesis of polyamines, which have been implicated in oxidative stress responses and protection against free radicals [31] . The natural polyamine spermine functions directly as a free radical scavenger [25] and linked to the fitness, survival and pathogenesis of the pneumococcus in host microenvironments [32] . We showed the ΔargGH strain being less resistant to oxidative stress. Polar effects by the knockout mutation on transcription from genes flanking argGH was excluded by RT-PCR. Transcription from SP_0109 (encoding ApbA) was lower in the argGH mutant, but a deletion of apbA had no effect on growth in low arginine concentration [29] . In addition, in D39 the products of abpA, artP and abpB can substitute for each other [29] . Antibiotics selectively blocking bacterial argininosuccinate synthetase and argininosuccinate lyase could inhibit pneumococcal growth, reducing disease severity.
Presence of arginine biosynthesis genes was associated with pneumococcal serotype 7F, but the association between these genes and clinical outcome even remained robust in a multivariate analysis including pneumococcal serotype. Individual serotypes and major clones of S. pneumoniae appear to differ markedly in their potential to cause invasive disease (80-120-fold variation) [9] . Serotype 7F has previously been associated with higher invasive disease potential, but with lower casefatality rates [33, 34] . In the Netherlands, 7F has increased during the last decade, being the most frequent serotype in meningitis patients from 2007 onwards [35] . Because of lack of heterogeneity between the OR for invasive disease of different clones of the same serotype, and analysis of isolates of the same genotype, but different serotype, it has been suggested that capsular serotype may be more important than genotype in the b Defined by the use of immunosuppressive drugs, a history of splenectomy, the presence of diabetes mellitus, alcoholism, and patients infected with HIV.
c Defined as aphasia, monoparesis, hemiparesis and cranial nerve palsies.
d CSF leukocyte count was determined in 122 patients infected with argH positive and 572 with argH negative pneumococci.
e CSF protein levels were determined in 119 patients infected with argH positive and 576 patients with argH negative pneumococci.
f Defined as septic shock, respiratory failure, multiple-organ dysfunction, and cardiac ischemia.
g Defined as brain herniation, cerebrovascular complications, intractable seizures and withdrawal of care because of poor neurological prognosis.
h Defined as a score of one to four on the Glasgow outcome scale.
ability of pneumococci to cause invasive disease [9] . The effect of argGH on disease outcome in patients with pneumococcal meningitis remained robust in a multivariate analysis including serotype.
Our findings are in line with the 'avirulence hypothesis' assuming parasites (bacteria, viruses, protozoa and helminths) will evolve to become avirulent [36] . Pneumococci with the argGH locus truncated or replaced by cluster L are less fit and virulent. Virulence is considered as a maladaptation of new associations between parasites and hosts [36] . During co-evolution with their host, microorganism may acquire functions that make them more fit in the interaction with their host [36] . Genetic exchange with species sharing the same ecological niche is the main mechanism of evolution of S. pneumonia [37] .
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